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Abstract: Friction and wear are the main forms of material surface failure. Surface modification is
very effective in friction reduction and wear resistance systems. Therefore, as a method of surface
modification to improve the tribological properties of materials, surface texture has been widely
loved by scholars. However, most scholars use laser and other processing methods to prepare the
surface texture. Although these processing methods have a high preparation efficiency, they cannot
obtain a surface texture with high dimensional accuracy due to their non-contact processing charac-
teristics. Moreover, previous studies on different surface texture preparation methods are insufficient.
Scholars have not fully studied the size parameters of surface modification. Micromachining is a
contact machining method. It has high dimensional accuracy. Therefore, the surface groove texture of
0Cr17Ni7Al material commonly used in sliding bearings was prepared by micromachining in this
paper. Under dry friction conditions, the effects of different groove widths on the tribological proper-
ties of surface texture were studied. The results show that the friction coefficient at the 0.6 mm-wide
groove texture is the lowest, o = 0.632. The minimum wear rate is w = 3.351 x 10~* mm?3/(N-mm).
The friction coefficient and wear rate of all groove textures are lower than those of untextured surfaces.
It can be judged that the groove texture prepared by micromachining has good friction reduction and
wear resistance under the same load, time, and linear speed. With the increase of the groove width,
the friction coefficient and wear rate of groove texture decrease first and then increase.

Keywords: micromachine; groove texture; tribological properties; friction coefficient; wear rate

1. Introduction

Wear is the main failure form of materials and has been widely studied by international
researchers. In addition to the scientific design of friction systems, surface modification
technology has become the main way to reduce friction and wear [1-3]. In 1978, Walsh [4]
believed that the resistance of a surface texture can be reduced by 10% compared to a
smooth surface. Then, Etsion [5] found that selecting the appropriate pit size and pit
area occupancy can increase the bearing characteristics. Thus, the door to surface texture
research was opened, and researchers began to pay more and more attention to it. The
friction characteristics of the metal contact surface can be optimized through the micro-
modeling technology of the contact surface, that is, texture modification, and the friction
reduction effect is obvious [6-8]. Surface texture technology has opened-up a new direction
for tribology research. Common surface texture shapes include circle, ellipse, sphere [9-11],
diamond, groove [12], and cone [13,14].

There are many factors influencing the tribology characteristics of surface texture,
including relative velocity, relative load, lubricating conditions, surface size parameters,
and ambient temperature [15,16]. The size of the surface texture is the main influencing
factor. The size of surface texture is generally too large or too small, which is not conducive
to giving full play to texture, and even has a negative impact. Therefore, researchers have
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carried out research in many aspects, such as research on different sliding directions of tex-
tured surfaces [17], surface friction coupled with lubricating oil and surface texture [18,19],
research on adding additives to textured surfaces [20], research on the hydrophobicity of
the surface texture [21], increasing friction by using a convex surface texture [22], corrosion
resistance of surface texture [23], the combination of fabric and surface texture [24], and
the reduction of resistance by surface texture [25], etc. Many scholars have tried to use
different methods to optimize the design parameters of the surface texture. Through the
research, it was found that the distribution mode, depth parameter, texture orientation,
texture area density, texture spacing, and texture pit bottom shape of the surface texture
are important parameters for the study of surface texture [26-31]. The variable texture
geometric parameters make the surface texture have broad development space and appli-
cation prospects [32]. The design of the texture mostly imitates and optimizes the bionic
structure to improve the friction performance in practical application [33]. It can be seen
from the above literature that the structural parameters of surface texture are significantly
related to their tribology characteristics. However, a large number of scholars’ studies on
the size parameters of surface texture mainly focus on the area density, depth, and texture
angle. However, there are few studies on the influence of the geometric size of the width of
the texture on the tribology characteristics. Moreover, most scholars use laser and other
processing methods to prepare the surface texture. Although these processing methods
have a high preparation efficiency, they cannot obtain surface texture with high dimensional
accuracy due to their non-contact processing characteristics. Moreover, previous studies on
different surface texture preparation methods are insufficient. Micromachining is a contact
machining method, and high dimensional machining accuracy can be obtained.

Based on the previous research of the authors [34,35], the groove texture of 0Cr17Ni7Al
material commonly used in sliding bearings is prepared by using the micromechanical
preparation method with controllable texture size. The friction test machine was used to
carry out the tests under different groove widths. We used the scanning electron microscope
(SEM) and energy spectrometer (EDS) to analyze the surface morphology and the friction
and wear state of the samples. The friction and wear mechanism of texture is discussed.
The tribology characteristics of textured surfaces with different texture widths were studied
and the influence of different groove widths on the texture and tribological properties of
micromachined grooves was investigated. This study provides a theoretical basis for the
practical application of micromechanical groove texture.

2. Materials and Methods
2.1. Micromachining Plate

With the deepening of scholars’ research on surface texture, there are more and more
surface texture processing methods, such as micromachining [36-40], EDM [41], laser [42],
shot peening [43], ultrasound [44], chemical etching [45], electrolysis [46,47], etc. The costs
of various methods for preparing surface texture vary. Among them, the cost of EDM and
chemical etching is the highest, and the cost of laser and micromachining is the lowest.

Micromachining is a low-cost and convenient metal-cutting technology. Through
specific equipment and tools, the shape of a specific texture on the surface of parts is pre-
pared. The tools used are often made of materials with wear resistance, high-temperature
resistance, and high bending strength and stiffness, and have very sharp cutting edges. Mi-
cromachining has the advantages of high preparation efficiency and unlimited processing
materials, which greatly improves the surface dimensional accuracy.

Figure 1 shows that the friction test samples in this paper were prepared by the
JDGR200T precision carving high-speed machining center, produced by Beijing Jingdiao
Technology Group Co., Ltd. (Beijing, China).
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Figure 1. JDGR200T precision carving high-speed machining center.

Figure 2 shows the ball end-milling cutter required for preparing the sample. Table 1
shows the main processing parameters of the JDGR200T precision carving high-speed
machining center equipment.

Figure 2. Ball end-milling cutter.

Table 1. Main parameters of micromachine equipment.

Parameters Value Unit
Spindle speed 13,000 r/m(s)
Feed speed 1000 mm/m (F)
Slotting speed 100 %
Cutting speed 100 %
Cutting angle 0.02 mm
Maximum depth of each layer 0.009 mm

To ensure that all texture samples have the same variation of the groove width, the
parameters of texture samples are set as shown in Table 2.
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Table 2. Dimensional parameters of the prepared texture specimen.

Specimen Number of Groove Width Groove Depth Groove Length
Name Grooves (PCs) (mm) (mm) (mm)
0.4 mm texture 60 0.4 0.15 12
0.6 mm texture 40 0.6 0.15 12
0.8 mm texture 30 0.8 0.15 12
1.0 mm texture 24 1.0 0.15 12

2.2. Friction and Wear Test Material

The tribological properties of the groove texture on the surface of 0Cr17Ni7Al were
studied by using an MFT-5000 friction tester. The relevant parameters of the testing machine
and the sample are shown in Figure 3 and Table 3, respectively.

Figure 3. MFT-5000 friction test bench.

Table 3. Parameters of the test sample.

Test Piece G.eomet.nc Material Accuracy Surface Hardness
Dimension Roughness

Upiiilte“ @ 9.525 mm 9Cr18 G5 0.014um 64 HRC

Logl’ige“ @508 mm x 635mm  0Crl7Ni7Al ; 0.05 um 42 HRC

The friction pair of the friction and wear experiment adopts the experimental method
of fixing the upper test piece (ball) and rotating the lower test piece (disk). As shown in
Table 4, relevant experimental parameters were set.
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Table 4. Experimental parameters.

Specimen Test Radius Rotation Speed Load Time

Name (mm) (r/min) N) (min)
untextured 18 50 10 20
0.4 mm texture 18 50 10 20
0.6 mm texture 18 50 10 20
0.8 mm texture 18 50 10 20
1.0 mm texture 18 50 10 20

Friction experiments were conducted on smooth surfaces and four kinds of microme-
chanical texture test pieces. Before the test of each group of samples, we used acetone for
ultrasonic cleaning for 5 min, and used ether to clean the surface of the samples. After the
experiment, the wear morphology was detected by SEM and EDS, and the results were
analyzed with the change of the friction coefficient.

2.3. Friction and Wear Calculation

We listed the specific experimental parameters in Table 4. The cross-sectional profile
of the wear trace was detected by the white light interferometer, and we calculated the
wear area by integrating the cross-sectional profile. The wear volume was obtained by
multiplying the friction step and the wear area [48]:

Vv

H=%73

@
where H is the wear rate, 107* mm3/(N-mm), V is the wear volume, mm?, F is the load, N,
and S is the sliding distance, mm.

We prepared the experimental materials and the experimental equipment was de-
bugged. The friction and wear experiments were completed according to the set experi-
mental parameters. The formula in Section 2.3 was used to calculate the wear rate. The
specific detection and analysis of the results are described below.

3. Results and Discussion
3.1. Friction and Wear

It can be seen from Figure 4 that both untextured and textured surfaces entered a
stable wear stage at 200 s. In Figure 4a, although the fluctuation range of the friction
coefficient is small, it shows a stable upward trend over time. In the whole friction stage,
it did not really enter the stable stage. We can call this stage the pseudo-stable stage. It
can be judged that in the overall friction stage, the friction of the untextured surface has
been intensifying. It can be seen from the curve in Figure 4b that the friction coefficient
curve jumps at 100 s. Although it enters the stable stage at 200 s, the fluctuation range of
the friction coefficient becomes larger with the progress of the friction. Although there is
also a jump in Figure 4c, the friction coefficient is in a small range. The friction coefficient is
small, so it can be inferred that the surface texture of 0.6 mm has better friction reduction
performance. The initial stage of the friction coefficient curve in Figure 4d is a smooth
transition, and the fluctuation range of the curve is small. Although the curve in Figure 4e
enters the stable stage faster, the curve is generally stable. However, the friction coefficient
has been maintained at a high level. It shows that the friction reduction performance of the
1.0 mm surface texture is poor, but the friction stability is good.
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Figure 4. Friction coefficient curves of different samples: (a) untextured surface rotation radius
18 mm, (b) 0.4 mm groove width mechanical texture rotation radius 18 mm, (c) 0.6 mm groove width
mechanical texture rotation radius 18 mm, (d) 0.8 mm groove width mechanical texture rotation
radius 18 mm, and (e) 1.0 mm groove width mechanical texture rotation radius 18 mm.

In combination with Figure 4 and Table 5, we analyzed the reasons for the above
phenomena. We can see that the friction coefficients of all surface textures were smaller
than those of untextured surfaces. It shows that the surface groove texture has good friction
reduction performance. It may be caused by the following two reasons. The first reason is
that during the friction process, wear debris is carried away with the friction and stored
in the groove. The further aggravation of abrasive wear is reduced. The second reason is
that during the friction process, the texture groove can reduce the contact area and contact
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time of friction. Thus, the increase of friction heat is reduced to achieve the effect of heat
dissipation. It slows down the formation of oxidation wear and fretting wear. For different
widths of texture, the surface friction coefficient curve has different characteristics. We
need to introduce a new term to explain this friction reduction characteristic, that is, “leap
times”. The number of leaps refers to the number of times that the upper specimen ball
leaps over the groove in the whole friction process. Different groove widths will inevitably
lead to different numbers of grooves under the same texture plane density.

Table 5. Friction and wear data.

Specimen Name Rotation Radius Wear Rate Average Friction
(mm) (10—4 mm3/(N-mm)) Coefficient
untextured 18 6.352 0.870
0.4 mm 18 3.584 0.664
0.6 mm 18 3.351 0.632
0.8 mm 18 5.784 0.730
1.0 mm 18 4.131 0.853

It can be seen from the parameters in Table 6 that the parameters of the friction
experiment were the same. In the whole friction process, the number of leaps of the
ball in different groove widths is different. This is probably the reason why there are
different friction coefficient curves, because after the ball flies over the groove, the ball
contacts with the groove and constantly collides. The vibration of the friction pair makes
the wear debris roll and slide to reduce friction. However, samples with different groove
widths have different collision laws, resulting in different friction characteristics. The
untextured sample is regarded as the groove texture with zero groove width. The friction
coefficient first decreased and then increased with the increase of the groove texture width.
The friction coefficient of surface texture with a 0.6 mm groove width was the lowest,
0 =0.632. The friction reduction effect was the best at this time. The general trend of
the wear rate also decreased first and then increased with the increase of the groove
texture width. Similarly, when the groove width was 0.6 mm, the minimum wear rate was
w =3.351 x 10~* mm3/(N-mm). This shows that the surface texture with a 0.6 mm groove
width had the best friction reduction and wear resistance effect. Therefore, it is necessary to
find out the friction and wear law of groove texture and make rational use of the tribological
characteristics of different widths. Only in this way can the surface texture modification be
applied to practical engineering and play the role of friction reduction and wear resistance.

Table 6. Leap parameters for different friction radii.

. Rotation Number of Total Number . Total
Specimen . Speed . L. Time .
Radius . Grooves per of Friction . Times of
Name (r/min) (min)
(mm) Turn Turns Leap

0.4 mm 18 50 60 1000 20 60,000
0.6 mm 18 50 40 1000 20 40,000
0.8 mm 18 50 30 1000 20 30,000
1.0 mm 18 50 24 1000 20 24,000

3.2. Wear Morphology Analysis

The flaky convex part formed on the surface of the wear mark is called the hard phase
peak [34]. This kind of hard phase peak may be the migration of wear debris under the
combined action of the load and sliding speed in the process of friction. It is formed by
rapid cooling after friction generates heat. It can be seen from Figure 5 that the red part is
the hard phase peak. The hard phase peak near the middle part of the wear mark is the
hard phase peak of the wear mark. The hard phase peak near the edge of the wear mark is
the edge hard phase peak. The blue part in the figure is the pear groove produced during
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the friction process. It can be seen from Figure 5a that the untextured wear scar surface is
mostly the hard phase peak of the wear scar. Combined with Table 5 and Figure 5, it can be
seen that this hard phase peak is not conducive to friction reduction and will aggravate
wear. In Figure 5b, there are both wear scar hard phase peaks and edge hard phase peaks.
However, the number of hard phase peaks on the edge is more and the area is larger. The
two cancel each other out and play a coupling role, which is conducive to further reducing
wear. In Figure 5¢,d, there are basically edge hard phase peaks and pear furrows. Under
the positive action of the edge hard phase peak, the wear of the groove texture is reduced.
It can be seen from the ordinate of the wear scar morphology in Figure 5e that the surface
wear scar depth of the 1.0 mm groove texture is larger. At this time, the reverse effect of
the hard phase peak in the wear scar has exceeded the positive effect of the edge hard
phase peak.

(@

239 um

220 um

200 um 95 um

177 ym 71 pm

324 ym

297 ym

Figure 5. Morphology of wear marks of different samples: (a) untextured rotation radius 18 mm,
(b) 0.4 mm groove width mechanical texture rotation radius 18 mm, (c) 0.6 mm groove width
mechanical texture rotation radius 18 mm, (d) 0.8 mm groove width mechanical texture rotation
radius 18 mm, and (e) 1.0 mm groove width mechanical texture rotation radius 18 mm.

3.3. Scanning Electron Microscope and Energy-Spectrum Analysis of Plate Worn Surface

As mentioned above [48], the hard phase peak that formed on the surface of the
friction pair during the friction process plays an important role in friction and wear. The
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hard phase peak is divided into a wear mark hard phase peak and an edge hard phase peak.
It can be seen from Figure 6 that the wear scar width of untextured and 1.0 mm textured
surfaces is relatively large. The 0.6 mm textured surface has the smallest wear scar width.
As shown in Figure 6a,b, a large number of surface spalling has occurred on the untextured
surface. Moreover, there are less wear debris in the wear scar area of the surface, but there
are larger glued flakes. This is because at the initial stage of wear, the debris produced by
abrasive wear may accumulate and glue together due to the concentrated heat generated at
the moment of friction, forming a hard phase peak of wear marks. As mentioned earlier,
the hard phase peak of the wear mark intensifies further wear. This is also the main reason
for the gradual increase of the friction coefficient and pseudo-stable wear of untextured
samples. At this time, the untextured surface has basically changed from abrasive wear to
adhesive wear. It can be seen from Figure 6¢ that there are both wear scar hard phase peaks
and edge hard phase peaks on the 0.4 mm surface texture. In Figure 6d, there are a lot of
flaking debris. It shows that at this time, the late stage of abrasive wear and the early stage
of adhesive wear exist at the same time, and the form of adhesive wear is the main form.

7 “edge hard phase peak
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Figure 6. Cont.
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Figure 6. SEM images of the worn plates: (a,b) untextured rotation radius 18 mm, (c¢,d) 0.4 mm
groove width mechanical texture rotation radius 18 mm, (e,f) 0.6 mm groove width mechanical
texture rotation radius 18 mm, (g,h) 0.8 mm groove width mechanical texture rotation radius 18 mm,
and (i,j) 1.0 mm groove width mechanical texture rotation radius 18 mm.

It can be seen from Figure 6e-h that there are hard phase peaks and pear grooves on
the surface of the wear marks. At this time, the wear is mainly abrasive wear, and the
abrasive wear and adhesive wear develop together. In Figure 6i,j, there are many flakes
and debris. It shows that at this time, it is mainly in the stage of adhesive wear. According
to the energy spectrum elements in Figure 6 and Table 7, oxygen is produced in all energy
spectra. It is proven that there is abrasive wear and adhesive wear in the friction process.
Under the action of friction heat and air, there is also oxidation corrosion wear. It can be
seen that this experiment is accompanied by a variety of wear forms combined. The oxygen
content in Figure 6b has reached 11.26, which is significantly higher than that of other
textured surfaces. It shows that the oxidation corrosion and wear of the untextured surface
are serious. However, P, 5, and Mn in the energy spectrum elements are not detected in
some energy spectra due to their low content.

Table 7. Mass fraction and chemical composition of the two materials.

Specimen Name P C Cr S Mn Ni Si Al
Plate 0Cr17Ni7Al 0.04 0.09 16~18 0.03 1.0 6.5~7.75 1.0 0.75~1.5
Ball 0.04 0.9~1.0 17~19 0.03 0.8 0.06 0.8 -

It can be found from Figure 7 that the bottom size of the texture groove is regular.
There is a large amount of wear debris in the groove. It shows that the groove plays a good
role in capturing and storing wear debris. Relatively speaking, there are large pieces of wear
debris in Figure 7a,b,e-h. In Figure 7c,d, there are a large number of fine debris particles.
It further proves the previous inference that the 0.6 mm textured surface is dominated by
abrasive wear. The groove textures of 0.4, 0.8, and 1.0 mm are mainly adhesive wear. The
energy spectrum oxygen element in Figure 7 can also support our judgment. The oxygen
content in the grooves in Figure 7c,d is higher than that in other grooves, which proves that
the effect of debris collection in the 0.6 mm texture is better.
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Figure 7. SEM images of the groove-textured worn plates: (a,b) 0.4 mm groove width mechanical
texture rotation radius 18 mm, (c,d) 0.6 mm groove width mechanical texture rotation radius 18 mm,
(e,£) 0.8 mm groove width mechanical texture rotation radius 18 mm, and (g,h) 1.0 mm groove width
mechanical texture rotation radius 18 mm.

3.4. Scanning Electron Microscope and Energy-Spectrum Analysis of Ball Worn Surface

As shown in Table 7, the chemical composition contents of the two pairs of wear parts
are very similar. Only in terms of Al and Ni content is the content of the disk higher than
that of the ball, so it can be used as an element for observation. From the energy spectrum
of all groups of experiments, the content of energy spectrum elements of each surface
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wave shape

groove texture under different groove widths is almost the same. Therefore, the energy
spectrum with a width of 0.6 mm is extracted and compared to the untextured surface.

As can be seen from Figure 8a,b, the wear marks of the balls are circular. There are
some large particles on the surface of the wear trace of the ball, and the wear particles
accumulate at the edge of the wear trace along the sliding direction. There are several
very obvious ploughs in Figure 8b. After the friction, these convex abrasive particles and
ploughs can still exist. It shows that the hardness of these raised abrasive particles is very
high. It can be inferred that the bulges and ploughs accumulated by abrasive particles
during the friction process will cut the untextured surface like a sharp edge. In Figure 8c,d,
the surface of the ball shows the shape of waves. This wave-shaped wear scar surface will
play a role in friction reduction. This reduces both friction and wear.

Sliding direction
R

Figure 8. SEM images of the worn balls: (a,b) untextured friction radius 18 mm, and (c,d) 0.6 mm
groove width mechanical texture friction radius 18 mm.

In the previous electric mirror of the disk specimen, we cannot judge whether the
material of the ball specimen is transferred to the disk specimen. However, we can see the
Al element in Figure 8d, and the mass fraction of the Ni element significantly increases. It
can be inferred that the material of the disc with the groove texture is transferred to the
ball. The debris generated by friction is subjected to the combined action of load, sliding
friction speed, collision, vibration, and friction heat. Some wear debris is captured by the
groove. Another part of the wear debris is adhered and transferred to the surface of the
spherical specimen to protect the lower test piece and play the role of friction reduction.
However, this finding was not found in the electron microscope without a textured sphere.
This may be the unique principal characteristic of surface modification of groove texture.

4. Conclusions

This paper studied the effect of groove width on the friction and wear properties of
groove texture machined on the 0Cr17Ni7Al surface. The following conclusions were made:

(1) Micromachining can produce groove texture. The friction coefficient and wear rate of
groove texture with a width of 0.4, 0.6, 0.8, or 1.0 mm were lower than those of the
untextured surface. The friction coefficient and wear rate decreased first and then
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increased with the increase of the groove width. The minimum friction coefficient
at the groove with a width of 0.6 mm was o = 0.632. The minimum wear rate was
w =3.351 x 107* mm3/(N-mm). The surface groove texture had good friction
reduction and wear resistance.

It was found that for groove texture, the more times the groove is crossed, the better. It
is not that the lower the number of leaps, the better, but within a reasonable range. In
this study, the total number of leaps of the 0.6 mm groove texture was 40,000, which
is a more reasonable number of leaps.

This study was compared with previous studies on electric spark, picosecond laser,
nanosecond laser, and femtosecond laser [34]. When the size parameters of the groove
texture were 0.8 mm-wide, 30 grooves, and the friction radius was 18 mm, the friction
reduction performance of the micromachined texture was the best, friction coefficient
o = 0.730. However, the friction coefficient of the five textures was lower than that
of the untextured surface. It shows that no matter whether the processing mode did
not affect the friction reduction effect of textured or untextured samples, the friction
reduction effect of different processing modes was different. The wear rate of the
nanosecond laser textured surface was higher than that of the untextured surface
under the same friction radius of 18 mm. The texture of other machining methods was
smaller than that of the untextured surface, and the wear resistance of EDM texture
was the best: wear rate w = 4.266 x 10~ mm3/(N-mm). This indicates that when
the processing mode of texture is incorrect, the effect of friction reduction may not
be achieved.

In the process of friction, on the one hand, the groove of the texture is conducive to
the capture and storage of wear particles by the groove texture. On the other hand,
the collision after the ball leaps over the groove promotes the wear debris to the edge
of the wear mark. It is beneficial to texture friction reduction and wear resistance.
Through the oxygen element in the friction process, it can be seen that there is abrasive
wear, adhesive wear, and oxidation corrosion wear in the friction and wear process. A
wavy friction reduction zone is formed on the surface of the ball. This wavy surface
has the function of reducing resistance and friction.
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